Article history: a b s t r a c t Radiative transitions for photo-excitations and de-excitations in Fe XXII are studied in the relativistic Breit-Pauli approximation. A comprehensive set of fine structure energy levels, oscillator strengths (f), line strengths (S), and radiative decay rates (A) for electric dipole (E1), same spin multiplicity and intercombination, fine structure transitions is presented. These are obtained from the first calculations in the close coupling approximation using the Breit-Pauli R-matrix method for this ion, all existing theoretical results having been obtained from various other atomic structure calculations. The present work obtains a set of 771 fine structure energy levels with n 6 10, l 6 9, and 1/2 6 J 6 17/2, only 52 of which have been observed. The f, S, and A values are reported for 70,372 allowed E1 transitions, exceeding by far those published previously. The calculated fine structure levels have been identified spectroscopically using a procedure based on quantum defect analysis. The energies agree with the available observed energies to within less than one to a few percent. The A values for E1 transitions are in good agreement with other existing values for most transitions. Using the atomic structure code SUPERSTRUCTURE (SS), S and A values are also presented for 38,215 forbidden transitions of the types electric quadrupole (E2), electric octupole (E3), magnetic dipole (M1), and magnetic quadrupole (M2) among 274 fine structure levels formed from 25 configurations with orbitals ranging from 1s to 4f. Some of these levels lie above the ionization limit and hence can form autoionizing lines. Such lines for 1s-2p K a transitions have been observed in experiments. The energies from the SS calculations agree with observed energies within a few percent. The A values for E2 and M1 transitions agree very well with the available values. The atomic parameters for both allowed and forbidden transitions should be applicable for diagnostics as well as complete spectral modeling in the X-ray, ultraviolet, and optical regimes of astrophysical and laboratory plasmas.
Introduction
Lines of the boron-like iron ion, Fe XXII, with ground configuration 1s 2 2s 2 2p are widely seen in astrophysical spectra, for example, in solar flares [1] [2] [3] , in the Capella binary system [4] , the Seyfert 2 galaxy NGC 1068 [5] . Lines of Fe XXII have also been studied in the laboratory plasmas (e.g., Refs. [6, 7] ). Identification and analysis of these spectra require accurate parameters, such as energy levels and oscillator strengths, as presented here. These lines are used as diagnostics for determination of physical properties such as temperature, density, and other quantities such as chemical abundances in astrophysical and laboratory plasmas.
Among the theoretical studies, a large number of transitions among LS states of Fe XXII were obtained [8] under the Opacity Project [9] using the close coupling approximation and nonrelativistic R-matrix codes. However, various high resolution spectra and diagnostics studies require fine structure transitions instead of LS multiplets. Relativistic close coupling calculations for the collision strengths of Fe XXII were carried out by Zhang and Pradhan [11] within the Iron Project [10] using target fine structure levels by splitting the LS term energies from the SUPER-STRUCTURE (SS) code. The present work within the Iron Project reports a large set of photo-excitations and de-excitations of fine structure levels of Fe XXII. The fine structure radiative transitions were studied earlier by a number of investigators. The National Institute of Standards and Technology (NIST) [12] evaluated these transitions and has provided a compiled table of A values from the works of Refs. [13] [14] [15] , and from another compilation [16] . The recent calculations by Jonouskas et al. [17] present the latest and the largest atomic data set for radiative transitions in Fe XXII. The present work reports results for allowed transitions obtained in the close coupling approximation using the relativistic Breit-Pauli R-matrix (BPRM) method. The forbidden transitions of higher order electric and magnetic multipoles obtained from atomic structure calculations are also reported.
Theory
Some details of the theory can be found in earlier papers, such as Ref. [18] . A brief outline is given here. In the close coupling approximation, the atomic system is described as an N-electron target (core) interacting with a (N + 1)th electron and the total wavefunction expansion, W E , of the (N + 1)-electron system is written as (e.g., Ref. [19] )
where v i is the target ion wavefunction of a specific LS state, S i L i p i , or fine structure level, J i p i , and h i is the wavefunction of the interacting (N + 1)th electron in a channel labeled as S i L i ðJ i Þp i k In the Breit-Pauli approximation, the relativistic Hamiltonian for the (N + 1)-electron system is given by (e.g., Ref. 
where H N+1 is the nonrelativistic Hamiltonian,
H mass Nþ1 is the mass correction, H
Dar
Nþ1 is the Darwin, and H so Nþ1 is the spin-orbit interaction term. The two-body interaction terms are with notation c for contraction, d for Darwin, o for orbit, s for spin, and a prime indicates 'other'. All terms improve the energies while the fine structure (J-dependent) terms split the energies into fine structure components. The Breit-Pauli R-matrix Hamiltonian used in the Iron Project [10] includes the first three one-body corrections and some of the two-body terms. However, the atomic structure calculations for the forbidden transitions using the SS code [21, 22, 18] include the contributions of the full Breit interaction term consisting of the fine structure terms, that is, spin-other-orbit (os 0 ) and spin-other-spin (ss 0 ) terms, but ignore the last three twobody nonfine structure terms.
Substitution of the wavefunction expansion in
results in a set of coupled equations that are solved using the R-matrix approach. In the BPRM method, the set of SLp are recoupled to obtain (e + ion) states with total Jp, following the diagonalization of the (N + 1)-electron Hamiltonian. At negative total energies (E < 0), the solutions of the close coupling equations occur at discrete eigenvalues of the (e + ion) Hamiltonian that correspond to pure bound states, W B . 
where X represents the electric or magnetic type and k represents various multipoles, such as 1 for dipole, 2 for quadrupole, 3 for octupole [18] , etc. The radiative decay rates for various higher order radiative transitions can be obtained from line strength, S Xk (ij) as follows (e.g., Refs. [22, 20] À17 s is the atomic unit of time.
Calculations
The BPRM calculations are carried out through a suite of codes [23, 24] . The initial step starts with computation of the orbital wavefunctions for the target or core. For Fe XXII, the target, Fe XXIII, wavefunctions were obtained through atomic structure calculations using SS code [18] with a set of 30 configurations. The configurations are 2s 2 (1), 2s2p(2), 2p 2 (3), 2s3s(4), 2s3p(5), 2s3d (6) , 2s4s(7), 2s4p (8) , 2s4d (9) , 2s4f(10), 2s5s (11) , 2s5p (12) , 2s5d (13) , 2s5f (14) , 2s5g (15) , 2p3s (16) , 2p3p (17) , 2p3d (18) , 2p4s (19) , 2p4p (20) , 2p4d (21) , 2p4f (22) , 2p5s (23) , 2p5p (24) , 2p5d (25) , 2p5f (26) , 2p5g (27) , 3s 2 (28), 3p 2 (29), and 3d2(30) where in all configurations the 1s orbital is filled. All configurations are treated as spectroscopic.
The Fe XXII wavefunction was represented by an expansion of the lowest 10 levels of Fe XXIII as given in Table A . The second term of the wavefunction (Eq. (1)) included all possible (N + 1) configurations with filled 1s orbital, and other orbitals 2s(0-2), 2p(0-3), 3s(0-2), 3p(0-3), 3d(0-2), 4s(0-2), 4p(0-2), 4d(0-2), 4f(0-1), 5s(0-1), 5p(0-1), 5d(0-1), 5f(0-1), 5g(0-1) where the numbers within parentheses are the minimum and maximum occupancies for the orbital in those configurations.
The computational steps for BPRM calculations have been described in earlier papers (e.g., Ref. [18] ). STGB calculates the energy eigenvalues from the BP Hamiltonian. The fine structure bound levels are obtained by scanning through the poles in the (e + ion) Hamiltonian with a fine mesh of the effective quantum number m. The mesh spacing Dm is equal to 0.001 or smaller. The energies were identified through a procedure based on quantum defect analysis, percentage of channel contributions, and angular momenta algebra as described in Ref. [25] and using the code PRCBPID. The oscillator strengths for bound-bound transitions were obtained from STGBB. The transitions were processed for energies and transition wavelengths using the code PBPRAD. For levels that have been measured, the oscillator strengths and A values were recalculated from BPRM line strengths and the measured transition energies in order to improve the accuracy. This is a common practice of accuracy improvement, especially by the NIST, since measured energies, in general, are more accurate than the calculated ones.
Forbidden transitions of type E2, E3, M1, and M2 for Fe XXII were obtained from an optimized set of 25 configurations with orbitals up to 4f as listed in Table 3 . All configurations are treated spectroscopically. The Thomas-Fermi-Amaldi k nl parameters for the orbitals are 1.30(1s), 1.20(2s), 1.12(2p), 1.12(3s), 1.1(3p), 1.1(3d), 1.1(4s), 1.1(4p), 1.0(4d), and 1.0(4f). The transitions have been processed by using the code PRCSS.
Results and discussion
Fine structure energy levels, oscillator strengths, line strengths, and radiative decay rates for a large number of allowed and forbidden transitions in Fe XXII are presented. Results from the BPRM calculations for E1 transitions and from SS calculations for forbidden transitions are discussed in separate sections below.
Energies and allowed E1 transitions in the BPRM approximation
A set of 771 bound fine structure levels of Fe XXII, with n 6 10, 0 6 l 6 9, and 1/2 6 J 6 17/2 of even and odd parities, and all possible E1 transitions among them, are presented. The calculated energy levels have been identified through analysis of quantum defects, percentage of channel contributions, and angular momentum algebra, and have been designated spectroscopically. Hund's rule has also implemented for levels from the same configurations such that the level with higher orbital angular momentum L and/or higher spin multiplicity will lie lower than those with lower L and lower spin multiplicity. The computational procedure of the BPRM method provides the energy eigenvalues without any identification. Hence, the levels require spectroscopic identifications for various applications. The identification is a lengthy and laborious process where a level is identified as C t (S t L t p t )J t nlJ(SL)p, where C t , S t L t p t , J t are the configuration, LS term, parity, and total angular momentum of the target or the core, nl are the principal and orbital quantum numbers of the outer or the valence electron, and J and SLp are the total angular momentum, LS term and parity of the (N + 1)-electron system. The present level identification procedure also establishes a unique correspondence between the fine structure levels and their LS terms such that an exact number of fine structure levels are accounted for in each LS term. However, there may be uncertainties in identifications when the spectroscopic designations are swapped due to similar quantum defects and strong mixing of channels. Therefore, each level is assigned with one or more possible designations.
The identified levels are presented in two formats for various practical purposes: (i) in LSJ component format where fine structure levels are grouped into a LS term and (ii) in a Jp set where levels of the symmetry are listed in ascending order of energy positions. Format (i) is useful for spectroscopic diagnostics and format (ii) is useful for modeling code applications. A partial set of energies in format (i) is given in Table 1 . The identification program PRCBPID [25] checks the completeness of the set of energy levels that belong to the LS term(s), and states it if the set is complete, otherwise lists the missing levels. Table B presents a partial set of energy levels in format (ii). In this table, the calculated energies have been replaced by observed energies whenever available giving the scope to improve the f and A values. The complete set of 771 energy levels of Fe XXII is available electronically.
The BPRM energies are compared with the observed values in Table C . They agree with those in the NIST compiled table [12] within 1% for most of the levels as seen in Table C 2 Po 3=2 Þ, shows an agreement to within about 2.28%. This is the first reporting of f, S, and A values for Fe XXII from a close coupling approximation using relativistic BPRM method, all published results for fine structure transitions having been obtained from various atomic structure calculations. A sample set of f, S, A values for E1 transitions is presented in Table D . The complete set containing 70,372 E1 transitions among the 771 fine structure levels is the largest set compared to the existing published sets. In Table D , the top line specifies the nuclear charge (Z = 26) and number of electrons in the ion (N elc = 5). This line is followed by sets of oscillator strengths belonging to various pairs of symmetries J i p i -J k p k . The transition symmetries are expressed in the form of the statistical weight factors, g = 2J + 1, and parity p (= 0 for even and = 1 for odd parity). The transitional levels can be identified spectroscopically by matching the indices I i and I k with those in Table B . The third column in Table D is an approximate transition wavelength (k) in Å obtained using E (Å) = 911.2671/E ik (Ry). The fourth and fifth columns provide the energies E i and E k in Rydbergs of the transitional levels. The sixth column is f, the oscillator strength in length formulation. The sign of f indicates the upper and lower levels in transitions such that a negative value means that i is the lower level, while a positive value means k is the lower level. Column seven is line strength S, and the last column is transition probability or the radiative decay rate A ki (s À1 ). Calculated energies have been replaced by the observed energies wherever available for improved accuracy in A values where calculated line strengths are multiplied by the observed transition energies. The electronic file containing the complete set of transitions also includes complete set of energies of Table B for easy correspondence of transitional levels. Table 2 presents a set of transitions among the observed energies and with complete standard spectroscopic notations for direct comparison with experiments and other applications, such as for diagnostics. These transitions have been grouped together as fine structure components of LS multiplets. Fine structure transitions with same-spin multiplicity can be added statistically for f, S, and A values of dipole allowed LS multiplets. These multiplet values are given in Table 2 . [13] [14] [15] ) and from another compilation by Shirai et al. [16] . The most recent calculations for the S values were carried out by Jonouskas et al. [17] in relativistic multiconfiguration Dirac-Fock approximation using the code GRASP [26, 27] Lifetimes of all 770 excited levels using BPRM E1 transition probabilities are also presented. The complete set is available electronically while a partial set is presented in Table F . The last column in the table lists the number of transitions of the level to lower levels.
Energies and forbidden E2, E3, M1, M2 transitions from SUPERSTRUCTURE
A and S values for forbidden transitions of type E2, E3, M1, and M2 have also been obtained in the Breit-Pauli approximation from atomic structure calculations. A set of 25 configurations with orbitals from 1s to 4f was considered. It provided 274 fine structure levels where 209 levels lie below the ionization threshold. Table  3 lists these configurations and the fine structure levels. The levels have been processed with spectroscopic identification. For improved accuracy of the A values, calculated energies were replaced by the 52 observed energies. Table 3 contains all calculated energies except these 52 observed available energies The calculated energies agree with the measured values in the NIST compilation within less than one percent for most cases. However, a large difference of about 8% was found for the level 2s 2 2pð 2 Po 3=2 Þ.
A partial set of S and A values of a total of 38,215 forbidden transitions is presented in Table 4 . The parity does not change for the E2 and M1 transitions and these are presented together. On the other hand, the parity changes for E3 and M2 transitions, and they are also presented together. The complete set of transitions from SS with standard spectroscopic notation is available electronically.
Comparison of the present A values with those available is made in Table E . NIST presents A values for one E2 and one M1 transition obtained by Cheng et al. [14] . Jonouskas et al. [17] also computed the S value for the E2 transition. The present A values agree very well with these two atomic structure calculations.
X-ray lines from Fe XXII due to K a (1s-2p) and K b (1s-3p) transitions can be observed in high temperature magnetic fusion (tokamak) plasmas and can serve in diagnostics of extreme nonequilibrium or transient ionization conditions [7] . Table G presents the A values for such emissions. These are part of the allowed E1 transitions obtained by SS from the same set of configurations that was used for the forbidden transitions. Hence configuration numbers C i and C J match those in Table 3 . It may be noted in Table  G that some transitions are strong. The summed value of the oscillator strengths of various component transitions of a particular pair of configurations can be used in analysis of blended lines. Hence the summed values are also given in the table.
Conclusions
Photo-excitations and de-excitations of Fe XXII have been studied in the relativistic Breit-Pauli approximation and an extensive set of transition parameters for oscillator strengths, line strengths, and radiative decay rates has been presented. The allowed transitions were treated with a large scale relativistic BPRM method.
The energies show good agreement with the available observed energies within a few percent. The transition parameters agree very well with the available values, especially with the latest ones from the Dirac-Fock approximation [17] . The forbidden transitions were treated through relativistic atomic structure calculations using the SS code. The SS energies agree to within a few percent with the measured values. Comparison with other data for the few forbidden transitions that exist shows very good agreement among the present SS, NIST, and the latest Dirac-Fock values.
The BPRM results represent the largest set available with over 70,000 E1 transitions. Based on the accuracy of the close coupling approximation, inclusion of configuration interactions, and agreement with the best available calculations, they are expected to be accurate and complete enough for most astrophysical and laboratory applications. A large set of forbidden transitions from atomic structure calculations have been presented and are expected to be accurate to within 10-30% as they agree very well with the available rates. The calculations also included a set of allowed E1 transitions corresponding to K a and K b lines.
All data are available electronically at the journal database and at the NORAD website, www.astronomy.ohio-state.edu/~ahar/ nahar_radiativeatomicdata/index.html, and as supplemental material on the journal's website.
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Appendix A
See Table A, Table B, Table C, Table D, Table E, Table F, and  Table G . Explanation of Tables   Table 1. Partial set of 771 energy levels of Fe XXII, group as fine structure components of LS terms. This table presents a partial set of 771 energy levels of Fe XXII. The levels are grouped as fine structure components of the LS terms. They are designated as C t (S t L t p t )J t nlJ(SL)p.
The top line of each set provides the expected number of fine structure levels (Nlv) for the possible (2S+1) L p terms with the given configuration. In the set, the spin multiplicity (2S + 1) and parity p are fixed, but L varies. Within parentheses next to each L, all possible J values associated with the given LS term are specified. This line is followed by the set of energy levels of the same configuration. Nlv(c) at the end specifies the total number of calculated J levels found for the set. If Nlv = Nlv(c), the calculated energy set for the given terms is complete.
The levels are designated as C t (S t L t p t )J t nlJ(SL)p. Table 2 E1 transition probabilities for observed levels of Fe XXII, grouped as fine structure components of LS multiplets. See page 34 for explanation of Table. C 
